Abstract-Biomass is a green energy source, which can be converted to hydrogen rich gas. If this gas is used as feedstock for a PEM fuel cell, it is possible to convert biomass to electricity in an environmental friendly way. A disadvantage of a PEM fuel cell is that platinum, which is used as catalyst to speed up the anode reaction, is a good adsorbent for CO. Carbon monoxide will adhere to the platinum surface blocking the catalyst for hydrogen oxidation. In order to clean the catalyst, oxygen can be added to the fuel stream. By applying negative voltage pulses to the cell terminals, existing water can get electrolyzed. This results in trace amounts of oxygen in the anode channel.
I. INTRODUCTION
A lot of research is done on solar, wind and biomass energy generation. Besides many advantages for solar and wind energy, there is also a major drawback to those systems, in that the availability of the energy is not synchronized to the energy demand of the society. Energy produced from biomass, on the contrary, is available at any time.
There are different ways to convert biomass to electrical energy. It is possible to use biomass as replacement for coal in a regular power plant. It is also possible to convert it to oil using pyrolysis, or to gas (gasification) [1] . Gasification and pyrolysis have advantages over burning biomass, that is, gas and liquid fuels are stored and transported more easily, than solid biomass.
Creating electrical energy from bio-oil or biogas can be done in several ways. Oil and gas can be converted to electrical energy using combustion techniques, but a more environmental friendly way is to use a fuel cell.
This research focusses on the Polymer Electrolyte Membrane (PEM) fuel cell fed with biogas. A PEM fuel cell is constructed with two (metal) electrodes (anode and cathode) separated with a thin polymer sheet, which only conducts positively charged particles, e.g. protons. The anode side of the fuel cell is where hydrogen is oxidized 2H2 -> 4H+ + 4e-.
(1) The cathode side reduces oxygen 02 + 4H+ + 4e--> 2H20, (2) where the oxygen is taken from ambient air. The resulting reaction 2H2 + 02 -> 2H20 (3) is exothermic, meaning that heat is created.
To speed up this reaction, especially the anode reaction, platinum is used as non-consumable catalyst. A problem arises when the fuel cell is fed with biogas containing carbon monoxide (CO). Carbon monoxide will be chemisorbed to platinum, and is not part of the reaction. This leads to a monolayer of adsorbed CO covering the active sites of the platinum catalyst, blocking the hydrogen [2] [3] [4] [5] [6] [7] [8] .
There are different ways to clean the catalyst from CO poisoning. It is possible to raise the temperature in order to boost CO tolerance of a PEM fuel cell [3] . This technique shows good results; however, a PEM fuel cell cannot be operated at a too high temperature, because this can damage the plastic membrane [9] .
Furthermore, by using bi-metal catalysts utilizing ruthenium (Ru) and platinum (Pt), the self-oxidation of CO can be accomplished [3] [4] [5] [6] . However, a commercially available fuel cell can not be altered to comply to these requirements.
Another method of cleaning the platinum surface is by introducing oxygen into the anode channel. The CO will be oxidized to CO2 [3] [4] [5] [6] [7] [8] . This method, however, requires a complex control system, in order to monitor oxygen levels [4] .
It is, however, believed that by reversing the anode (1) and cathode (2) reactions of the fuel cell by applying a negative voltage pulse to the terminals of poisoned cells, with respect to its normal operating voltage, will create trace amounts of oxygen in the anode channel. If the pulse width and depth are correctly chosen, the formed oxygen will oxidize the chemisorbed CO. In this paper, measurement results are presented that confirm this possibility.
II. METHOD AND MATERIALS
The fuel cell used in this research is one of the cartridges of the commercial available SR-12 fuel cell system manufactured by Avista Labs. The fuel cell cartridge contains a stack of four membranes. The catalyst used in the hydrogen channel is platinum supported on carbon [9] . The cathode is fed with ambient air.
The test setup is shown in Fig. 1 . As can be seen in the figure, the fuel channel connects the cells chemically in series.
1-4244-0755-9/07/$20.00 (C2007 IEEE is mixed the same as gas # 2 except for a higher amount CO, namely 50 ppm. Furthermore, the influence of CO2 and N2 will be investigated with a "dummy" gas containing the same mixture as gas # 2 and # 3 without CO.
Gas # 1 is used to determine the CO tolerance of the fuel cell stack. Following [4] , a fuel cell is CO tolerant when the loss of the cell voltage is not higher than 15 % compared to the cell voltage utilizing gas # 1 under the same circumstances.
When the terminals of a polluted fuel cell are pulsed with a negative voltage with respect to the polarization of the cell, one can push the fuel cell reaction into its reverse. Oxygen will be produced at the catalyst surface in the anode channel. The oxygen can directly be used to oxidize the CO to CO2.
The reverse fuel cell reaction, or the electrolysis reaction, can be written as Fig. 1(a) and Fig. 1(b) . The fuel gas enters the stack in cell 1 and flows via cell 2, cell 3 and cell 4 to the bleed valve.
The individual cell voltages are monitored by a digital signal processor (DSP). The DSP is able to switch the bleed valve, thereby flushing the fuel channel. Furthermore, the DSP controls the load resistance. The load is a linear regulator, constructed from MOSFET's controlled in their linear region [10] .
The hydrogen rich gas is supplied from a canister. Several different synthetic gases (syn gases) are used in the measurements. Gas # 1 is pure hydrogen, that is, hydrogen with a purity of 99.99 %. Gas # 2 is a hydrogen rich gas containing 60 % hydrogen (H2), 35 % carbon dioxide (CO2), 5 % nitrogen (N2) and 30 ppm carbon monoxide (CO). The last gas, gas # 3, (4) (5) where (4) is the cathode reaction. Note that the terminal where the current leaves the electrolytic cell (e.g. cell used for electrolysis), is conventionally called the cathode. The anodic reaction of electrolysis is shown by (5) , and the resulting reaction is 2H20 -> 2H2 + 02- (6) In order to perform the measurements, a programmable voltage source is added to the test setup. Figure 2 shows how the source is attached to a single cell. It is possible to switch the source in parallel to all four of the individual stack cells, using a network of parallel switches.
The current and voltage of the source from Fig. 2 are programmable. The source is powerful enough to reach voltages below -2.3 V with respect to the "normal" cell voltage, which is enough to start electrolysis.
Because the fuel is distributed in series, as is shown in Fig.  1 , and not in parallel, it is expected that cell 4 will be polluted first, then cell 3, cell 2 and finally cell 1. This is due to the depletion of hydrogen in the fuel stream along the way through the channel.
III. RESULTS First, the behavior of the fuel cell stack fed with pure hydrogen and the dummy gas is shown in Fig. 3 . It is clear from the figure that there is a insignificant performance degradation. The measurement performed on the stack using gas # 1 and gas # 2 shows a significant performance degradation as a result of CO poisoning, Fig. 4 .
The steady-state characteristics are measured in the cathodic scan direction, that is, in the direction where the voltage decreases [2] . The transition time between the discrete current steps of the adjustable load of Fig. 1 was 30 seconds. The flow in the bleed channel was 0.4 dl/min, resulting in a slow poisoning rate.
For the third measurement, the flow rate of the fuel in the bleed channel was 0.08 dl/min. This resulted in a much faster CO poisoning rate. In Fig. 5 , the poisoning rate is shown. The current through the adjustable load is set to 4 A at t = 20 s. Between t = 60 s to 80 s, the voltages of cell 3 and cell 4 start to decline. The voltages of cell 3 and 4 are decreasing at an increasing rate until they drop below 0 V at t = 103 s. Figure 5 is a typical measurement when working with a fuel cell running on gas # 2. Cells 3 and 4 are always decreasing in voltage round t = 60 to 80 s. Therefore, further results will focus on the period 0 < t < 80 s.
Over hours of repeated measurements, cells 1 and 2 decrease slowly in output voltage, until cell 2 drops below 0 V and starts oscillating at a frequency of fso = 0.125 Hz, shown in Regeneration of the cells are performed on the degraded cells 1 and 2, as is shown in Fig. 7 . It is clear from Fig.  7 that the result of a negative polarized voltage pulse of -2.3 V at t = 60 s shows remarkable improvement of the output voltage. The self-oxidizing (oscillating) behavior of cell 2 is completely vanished, and the average voltage is five times higher after the pulse. Although cell 1 was not self-oxidizing, the regeneration pulse improves the performance in the same order of magnitude.
Cells 3 and 4, however, are poisoned much faster than cells 1 and 2. The effect of regeneration pulses on their behavior are shown in Fig. 8 . Although a small improvement in voltage can be seen directly after the pulse, the results are less satisfactory than the results on the other cells. There is almost no extension of duration in which the cells can be operated, making this technique not suitable against CO poisoning for these cells.
The presented measurements up to here are measured with the test-setup displayed in Fig. l(b Regeneration pulse at t = 60 s on cell 3 (top graph) and cell 4 (bottom in Fig. l(a) . Doing this, the self-oxidizing behavior first seen with cell 2, is also seen with cell 4, shown in Fig. 9 . To eliminate the possibility that the oscillations are caused by the measurement and control circuits, the fuel cell stack was decoupled from the standard measurement setup, and Fig. 9 is measured with an oscilloscope, while the load was replaced by a power resistor. When a negative pulse is applied to the self-oxidizing cell 4, the voltage restores to its "normal" operation, in the same way as cell 2 does in Fig. 7 .
IV. DIscusSION
The results found with pulse-regeneration of a PEM fuel cell with pure platinum loaded catalysts are at the one hand very promising, shown in Fig. 7 , while at the other hand they do not show improvement in performance in the other cells, shown in Fig. 8 .
However, it has been shown in section III that the position of an individual cell in an electrically coupled stack is of influence to its behavior with respect to CO-poisoning. If a cell has a high enough potential with respect to the stack zero, the cell is able to oxidize adsorbed CO to C02, as is seen in Fig.  9 . To our knowledge, this phenomenon has not been reported 0 3 6 9 12 15 18 21 24 27 30 t (s) Fig. 9 . Self-oxidizing cell 4 of the stack earlier for standard platinum loaded catalyst PEM fuel cells. Furthermore, it can be concluded that a self-oxidizing cell can be regenerated to its normal operation state by applying a negative voltage pulse.
One drawback of applying negative pulses to the fuel cell is that it takes an significant amount of power to do this. To apply pulses of Vcei -2.3 V, the external voltage source has to deliver 'source ±55 A. This may lead to excessive losses in wires and it diverges energy generated from the fuel cell stack. Therefore, the pulse amplitude, frequency and duty cycle should be as low as possible.
Furthermore, to make sure that the fuel cell works in COtolerant operation, the stack voltage may not go below 85 % of its nominal voltage when it works under pure hydrogen fuel supply. To optimize the pulses, a definition for stack efficiency must be made, that is: the efficiency rqp is the total surplus of energy generated by the fuel cell stack when it operates with CO-containing fuel mixtures in contrast to the energy created utilizing pure hydrogen fuel (gas # 1), or EFCF-Elosses 100% EFC,H2( where EFC is the energy produced by the fuel cell with poisonous gas, Elosses is the loss energy due to wires and pulse-source, and EFC,H2 is the energy which would be created when the fuel cell operates with pure hydrogen fuel supply under the same gas pressure.
Additionally to the definition of the efficiency some boundary conditions have to be defined. First, none of the individual cell voltages may drop to or below 0 V between the regenerating pulses. Second, none of the individual cells may start selfoxidizing, because those "uncontrolled" oscillations influence the control of the load. Last, although it may be that the highest efficiency can be reached at higher amplitudes of the pulses, the current supplied to the fuel cell must be kept as low as possible, in order to keep the design of a pulse converter as simple as possible.
The flow-diagram of the regeneration pulse program is presented in Fig. 10 It is clear from Fig. 11 Fig. 11 . A summary of the measurement results is given in Table. I. In this table, the maximum efficiencies are given for the different amplitudes of the pulses. The maximum efficiency is reached at the presented repetition time Tr and duty cycle Dp.
The average peak current (Is max) and peak power (Ps,max) drawn from the pulse source are also given in Table I . The most extreme overshoot of a pulse is never higher than double the value of the average peak power and current.
Additionally to the data shown in Table I Furthermore, the influence of the negative pulse amplitude, repetition time, and duty cycle have been investigated. The highest efficiency (±93 %) occurs when the amplitude of the pulse lays between -0.80 V < AP < -0.90 V, the repetition time Tp of the pulse train is set to 2 s and the duty cycle DP is 6 %. A summary of the measurement results is given in Table. II. The average peak power of Ap =-0.80 V is 2 W higher than the average peak power for pulses with Ap =-0.70 V.
However, the maximum efficiency is almost 3 % higher, while the difference between the peak power of Ap =-0.80 V and Ap = -0.90 V is almost 6.3 W and the efficiency increases with only 0.6 %. Therefore, an amplitude of Ap =-0.80 V is preferable over higher or lower amplitudes.
The hypothesis that negative pulses applied to the cell terminals would result in electrolysis of the water in the anode channel of the fuel cell can not be confirmed, because the increase in efficiency also occurs with much lower negative voltage pulses than the theory predicts for electrolysis(-1.23 V). Of course, this value is sensitive to temperature and pressure effects [11] . Thorough investigation of the exact cause of the increase in CO-tolerance due to negative pulses and its reactions in the anode channel should be done in the future.
V. CONCLUSIONS To oxidize the adsorbed CO monolayer from platinum loaded catalysts of a PEM fuel cell stack, negative pulses are applied with respect to the operating polarization of individual cells. In half of the tested cases this technique was successful and resulted in great increase (more than 500 %) of the output voltage. This improvement was found in the cells at the highest stack voltages. For the other cells, the effect of the pulses was marginal. 
